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A B S T R A C T
During the inspection of a North Sea oil and gas platform a crack was identiﬁed on the
crankshaft of a compressor.
Subsequently, the component was decommissioned and a failure examination
undertaken to determine the mechanism of failure. The crankshaft was analysed using
a range of inspection, measurement and fractographic techniques.
Magnetic particle inspection (MPI) indicated that the crack extended for themajority of
the shaft’s length, rotating through approximately 225 degrees of the shaft’s circumfer-
ence. Laser scanning veriﬁed the dimensions and concentricity of the crankshaft were in
accordance with the manufacturer’s speciﬁcations. On sectioning the crack and forcing it
open, complex fracture features were revealed. Optical and scanning electron microscopy
were used to examine these features as well as the surface of the crankshaft.
The investigation determined that the mechanism of failure of the crankshaft was
probably corrosion fatigue, initiating from localised corrosive attack on the crankshaft’s
surface.
Crown Copyright 2016 Published by Elsevier Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Failures in the oil and gas sector can have a range of implications, impacting both business and safety. Consequently, it is
important that failures are investigatedwith a view to preventing reoccurrence. Therefore, when an oil leak was detected on
a compressor crankshaft, located on an offshore oil and gas platform, an inspection was performed. When inspected, a crack
was observed on the surface of the crankshaft. The crankshaft had been in service, from new, for approximately 8 months. A
failure examination and material analysis were carried out on the crankshaft to determine the mechanism of failure.
2. Visual examination
Fig. 1a and b shows a section of the crankshaft and hub in the as-received condition. The section of crankshaft consisted of
a saw cut shaft section with a nominal diameter of 180mm connected, via a crank web, to a longer shaft section with a
machined end of nominal diameter 170mm. A crack was evident in the longer shaft section.
The longer shaft section contained a keyway and a lubrication port. The keyway was 240mm in length, with a depth of
17mm and a width of 45mm. The visual appearance of the crack, from the surface of the crankshaft, suggested that it may
have propagated from the keyway spiralling along the section of shaft, in one direction, for 200mm rotating through roughly
225 degrees of the shaft’s circumference.* Corresponding author.
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Fig. 1. (A) Section of crankshaft as received, (B) hub as received and (C) laser scan of the crankshaft showing the diameter measurements.
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wide circumferential band of plastic deformation, consistent with galling, was observed 290mm from the shaft’s machined
end.
2.1. Laser scanning
The crankshaft and internal bore of the hub were scanned using a Romer Absolute Arm 7525SI. Laser scanning was
undertaken to verify that the shaft and hub were concentric, and to determine if an out of balance force played a role in the
shaft’s failure. It was found that the shaft was concentric to within 0.04mm along its length, i.e. there was no taper, Fig. 1c.
The internal bore of the hub had a slight ovality of 0.058mm.
2.2. Non-destructive inspection
Magnetic particle inspection (MPI) was used to determine the extent of cracking and to identify the location of the crack
tips on the surface of the crankshaft, Fig. 2a. It could be inferred from MPI that the crack extended for the majority of the
shaft’s length, rotating through approximately 225 degrees of the shaft’s circumference. The crack tips, at the surface of the
[(Fig._2)TD$FIG]Fig. 2. (A) MPI of crankshaft surface showing extent of cracking and (B) section through crankshaft, showing extent of cracking.
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the section of shaft containing the crack was sectioned into more manageable segments. MPI was subsequently used to
examine the extent of the cracking in each segment, Fig. 2b. It was observed that in some segments the crack had propagated
though approximately 90% of the crankshaft’s diameter.
3. Laboratory investigation
3.1. Fractography
The segments were forced open to expose the crack surfaces, Fig. 3a. The exposed crack surfaces showed that the crack
had not initiated at the keyway or at the lubrication port. Beach marks on the crack surfaces indicated that the crack had
initiated from the crankshaft surface, roughly 260mm from the end of the shaft, remote from any geometric stress
concentrations.
Visual examination of one fracture surface revealed a brownish stain, consistent with corrosion, on the majority of the
crack surface. This was most prominent in the crack initiation region. There were three distinct beach marks on the fracture
surface, Fig. 3b, with step marks evident after the ﬁrst beach mark. The three beach marks were spaced at approximately
28mm, 108mm and 122mm from the crack initiation region on the crankshaft’s surface.
Optical microscopy was used to examine the surface ﬁnish of the crankshaft. Fig. 4a and b shows localised corrosion
attack, akin to pitting, on the surface of the crankshaft close to the crack initiation region. Localised attack was observed at
various locations on the surface of the shaft. A large number of pit-like features were discovered in a localised band around
the circumference of the shaft near the crack initiation region.
Scanning electron microscopy (SEM) of the crack surface revealed regions of both transgranular and intergranular crack
propagation. The intergranular cracking (Fig. 5a) appeared most prominent near the crack initiation site. Towards the crack
tip there was limited evidence of corrosion, and no intergranular cracking was found. Fig. 5b shows an SEM image
representative of a region of pitting on the crankshaft’s surface. No evidence of striations were found on the fracture surface.
Energy-dispersive X-ray spectroscopy (EDS) was used to determine the corrosion species. Table 1 shows the semi-
quantitative results from the EDS rounded to 1 decimal place.
The crack had propagated at 45 degrees to the shaft axis for the majority of the shaft’s length before changing direction
close to the crack tip, turning back on itself and propagating up the shaft’s length, as shown in Fig. 3a and b.
3.2. Microstructure
Two samples of crankshaft material were mounted, polished and etched in 2% Nital. Themicrostructure of the crankshaft
close to the point where the crack initiated consisted of a quenched and tempered steel structure, Fig. 4c. A sample taken
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Fig. 3. (A) Fracture surface of crankshaft and (B) detail of initiation region.
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Fig. 5. (A) SEM image of fracture surface showing intergranluar cracking and (B) SEM image of surface pitting, showing locations used for EDS analysis.
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Fig. 4. (A) Surface pitting in the initiation region, 8 magniﬁcation, (B) image showing pitting in crankshaft surface, 200magniﬁcation and (C) crankshaft
surface microstructure, 500 magniﬁcation.
W. Harris, K. Birkitt / Case Studies in Engineering Failure Analysis 7 (2016) 50–55 53from the centre of the crankshaft contained isolated areas of tempered ferrite and pearlite, in a matrix of low temperature
transformation products (bainite and martensite).
3.3. Chemical analysis
Chemical analysis was conducted on a sample taken from the cracked section of the crankshaft. The results are
summarised in Table 2 and comparedwith the American Iron and Steel Institute (AISI) 4140 Standard [1] as this was the steel
speciﬁed by the manufacturer.Table 1
EDS results of a region of pitting on crankshaft surface.
Element (wt%)
O Al Si S Cl K Ca Ti V Cr Mn Fe Mo
Pit 1 13.1 0.3 0.2 0.8 0.1 0.2 0.1 2 1.2 82.1
Surface 1 3.3 0.2 0.5 0.3 0.1 1.1 0.9 93.3 0.3
Pit 2 30.5 0.4 0.3 1.2 0.2 0.3 1.4 1 64.8
Surface 2 6.7 0.4 0.1 0.2 0.1 1.1 0.9 90.2 0.4
Table 2
Chemical analysis of crankshaft comparison with AISI 4140.
Element (wt%)
C Si Mn P S Cr Mo
AISI 4140 0.38/0.43 0.15/0.30 0.75/1 <0.035 <0.04 0.8/1.1 0.15/0.25
Crankshaft 0.44 0.22 0.88 0.009 0.023 0.95 0.25
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Vickers hardness tests were conducted on metallographic samples in accordance with BS EN ISO 6507-Part 1: 2005 [2].
Hardness measurements were taken from three locations on the crankshaft; at the surface of the shaft near the crack
initiation region and on the two prepared microsections. One microsection was prepared from the surface and another from
a central location of the crankshaft. In total 35 hardness measurements were taken from the 3 locations, the average
hardness was 273 HV, the minimum and maximum were 227 HV and 296 HV, respectively.
4. Discussion
Laser scanning veriﬁed that the crankshaft was concentric to within 0.04mm along its length with no tapering. Both the
crankshaft and hub were concentric with each other. In the authors’ opinion, it is not believed that the slight variation in
diameter of the crankshaft or the ovality of the internal bore of the hub had an effect on the failure of the crankshaft.
Chemical analysis indicated that the material used in construction was consistent with that of an AISI 4140 steel. The
carbon content was slightly high, but fell within the standard if tolerances of the analysis technique were considered. The
microstructure consisted of a quenched and tempered steel structure. The isolated areas of tempered ferrite and pearlite in a
matrix of low temperature transformation product are not thought to have contributed to the failure of the crankshaft.
Hardness values measured on the crankshaft were lower than that stated in the manufacturer’s documentation. The
manufacturer’s documentation indicated that the hardness of the crankshaft should be 300 HV (converted from Brinell
hardness to Vickers). This variation in hardness may be due to a number of factors, including the variation in the technique
used to take the hardness readings. It is also likely that the hardness measurements were taken at different locations on the
crankshaft, compared to where tested during the examination (which included segments obtained by sectioning the shaft).
EDS analysis identiﬁed chlorine at the base of the pit-like features, within the region of localised corrosive attack. In some
cases chlorine was measured as high as 1.2%. Chlorine was not discovered on the surface of the crankshaft, away from the
area of corrosive attack. As the crankshaft was in use in an offshore environment, it is likely that sea water was the source of
the chlorine. Chlorine, in the base of the pit-like features, will have created a relatively acidic and anodic region, creating a
potential difference with the cathodic surface of the crankshaft, allowing the pit-like features to grow in size [3].
The crack initiated from the machined surface at a location approximately 260mm from the end of the shaft. Optical
microscopy showed that there was localised attack, akin to pitting, in the initiation region, Fig. 4a and b.
The evidence of a corrosion product on the surface of the crack faces, combinedwith the intergranular cracking, indicated
that the initial failure mode was corrosion fatigue.
Towards the crack tip, only transgranular cracking was observed and the corrosion product was no longer present. In the
authors’ opinion the crack topography in this area was consistent with a transgranular fatiguemode of failure. The 458 angle
of the crack surface indicates that an element of torsional loading was present at the time of crack propagation.
It is possible that initial high service stresses, exacerbated by stress concentrations within pit-like features on the surface
of the crankshaft, initiated fatigue cracking. These initial high stresseswould have later reduced signiﬁcantly to permit stable
fatigue crack growth. These reduced stresses would not have exceeded the fracture toughness of the material, allowing the
crack to propagate through approximately 90% of the crankshaft’s diameter without causing failure. The fracture surface
features included three distinct beach marks. These indicate that there were at least three distinct changes in stress
conditions during the crack propagation phase. Step marks are evident after the ﬁrst beach mark. The introduction of step
marks at this stage of the crack propagation, indicate a signiﬁcant change to the stress conditions.
5. Conclusions
The primary mechanism of failure was probably corrosion fatigue, with torsional loading.
Cracking initiated away from geometric stress concentrations i.e. the keyway and oil inlet. It was initially expected that
cracking would have initiated at these geometric stress concentrations.
Localised corrosion attack, akin to pitting, was discovered on themajority of the crankshaft’s surface, with a distinct band
of pit-like features in the initiation region. Chlorine was found in the base of the pit-like features.
Stress concentrationswithin the pit-like features on the crankshaft surface, in the author’s opinion, were the likely source
of initiation.
W. Harris, K. Birkitt / Case Studies in Engineering Failure Analysis 7 (2016) 50–55 55It is important to check the surface ﬁnish of a crankshaft, both at the time of manufacture and throughout the service life.
Any defects in the surface of the crankshaft could lead to the growth of pit-like features. These pit-like features can create
stress concentrations, that could lead to crack initiation.
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